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Understanding stabilization and aggregation in magnetic nanoparticle systems is crucial to opti-
mizing the functionality of these systems in real physiological applications. Here we address this
problem for a specific, yet representative, system. We present an experimental and analytical study
on the aggregation of superparamagnetic liposomes in suspension in the presence of a controllable
external magnetic field. We study the aggregation kinetics and report an intermediate time power
law evolution and a long time stationary value for the average aggregate diffusion coefficient, both
depending on the magnetic field intensity. We then show that the long time aggregate structure
is fractal with a fractal dimension that decreases upon increasing the magnetic field intensity. By
scaling arguments we also establish an analytical relation between the aggregate fractal dimension
and the power law exponent controlling the aggregation kinetics. This relation is indeed indepen-
dent on the magnetic field intensity. Despite the superparamagnetic character of our particles, we
further prove the existence of a population of surviving aggregates able to maintain their integrity
after switching off the external magnetic field. Finally, we suggest a schematic interaction scenario
to rationalize the observed coexistence between reversible and irreversible aggregation.
I. INTRODUCTION
In recent times, the ad hoc design of novel mesoscopic
particles has opened new research avenues and brought
several promising applications. Significant examples of
this bottom-up design appear in material science [1–3],
biotechnology [4, 5], and nanomedicine [6, 7]. Indeed,
the highly versatile functionality of these new primary
constituents relies on our efficacy to control the distinct
interactions governing their dynamic and structural
properties.
A notable family among these new primary compo-
nents is that constituted by those nano- and meso-sized
particles able to respond to an external magnetic field.
These “magnetic nanodevices” are usually categorized
according to their remanent magnetization at a given
temperature after having been exposed to an external
magnetic field [8]. Thus mesoscopic particles consisting
of single magnetic domains [9] can behave as permanent
magnets due to their remanent (or even spontaneous)
magnetization in the absence of an external magnetic
field. This phenomenon is known as stable ferromag-
netism [8]. However, if thermal energy is able to cause
the random orientation of the different single magnetic
domains, the particle remanent magnetization after
removing the external magnetic field will be negligible.
These particles, which present no magnetic hysteresis,
are known as superparamagnetic particles [8, 10]. These
two behaviors (ferromagnetic and superparamagnetic)
are nowadays exploited in several consolidated research
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lines with a special emphasis in nanomedical applica-
tions [11–19].
Among the distinct mesoscopic particles, liposomes
(i.e. mesosized lipid vesicles) have been recognized
by their singular capabilities (e.g. as drug delivery
particles) due to their synthetically controllable size,
surface electric charge, membrane elastic properties, and
encapsulation efficiency [20–22]. The superparamag-
netic version of these highly tuneable particles results
from our ability to encapsulate in their interior small
(single domain) magnetite grains [23–30]. These are
the so-called magnetic liposomes. Thus these systems
combine biocompatibility and vesicular structure [31]
with their superparamagnetic character, therefore being
magnetically controllable agents with no side-effects
on the organism. Fruitful applications using these
systems are already amenable to experimentation
covering specific areas in therapy and diagnostics
such as chemotherapy [17, 32], hyperthermia [33–37],
magnetic resonance imaging [24, 38, 39], magnetic cell
targeting [40–42], or magnetically driven delivery [30, 43].
Reaching an efficient functionality for these vesicular
systems (and other magnetic nanoparticles) depends on
our understanding of the distinct particle interactions.
This understanding is intrinsically connected with those
mechanisms controlling stabilization and aggregation.
Indeed, magnetically induced aggregation not only
provides us with an implicit understanding on the
particle interaction but it is explicitly manifested in real
applications. For instance, aggregates of superparam-
agnetic particles present an enhanced heating efficiency
in hyperthermia as compared to that corresponding
to non-aggregated samples [44–46]. The presence of
2aggregates can also increase the sensitivity of some
detection techniques such as Surface-Enhanced Raman
Scattering (SERS), leading to a significant increase of
the Raman intensity [47]. Irreversible aggregates can
also influence the system functionality when their size is
comparable to those length scales defining the targeted
microenvironment, e.g. in enhanced permeability and
retention (EPR) [15, 48] or in the subsequent particle
excretion from the body [49]. Having in mind this
motivation, the main purpose of this work is to investi-
gate the still poorly understood mechanisms controlling
aggregation for a representative system of magnetic
vesicles.
So far, magnetically induced aggregation has been
experimentally investigated by different techniques being
particularly focused on the study of superparamagnetic
polystyrene particles. For instance, light scattering
has been used to probe aggregation kinetics and/or
aggregate structure [50–56] whereas two-dimensional
microscopy images have been analyzed to look into the
cluster morphology [51, 52, 55–58]. Apart from studies
on real systems, simulations and analytical approaches
have also been proposed to rationalize the aggregation of
ferro- and superpara-magnetic particles where magnetic
interaction is treated in terms of a dipolar hard-sphere
like model [59–63].
As far as we know, in this work we present the first
comprehensive study on the aggregation of magnetic
liposomes in suspension for a controllable external
magnetic field. By Dynamic Light Scattering (DLS) we
explore the aggregation kinetics and find an intermediate
time regime where the aggregate diffusion coefficient
presents a power law evolution. This evolution, which
can be controlled by changing the magnetic field in-
tensity, reaches at sufficiently long times a stationary
value as a result of a competition between cluster
formation and fragmentation. This final steady-state
of the diffusion coefficient allows us to investigate the
aggregate structure by Static Light Scattering (SLS).
This structure is fractal and results in increasingly linear
aggregates upon increasing the magnetic field intensity.
Interestingly, we can appeal to scaling arguments
and establish a relation between the aggregate fractal
dimension and the power law exponent governing the
aggregation kinetics. With this analytical approach we
create a link between structure and dynamics in our
system. To extend the aggregate characterization, we
directly observe the system by Transmission Electron
Microscopy (TEM) and report a coexistence between re-
versible and irreversible aggregates (i.e. aggregates that
survive despite switching off the external magnetic field).
Finally, this coexistence is discussed in terms of an inter-
play between interactions of different origin. Our results
and the picture we offer may be of particular interest for
predicting and controlling those time and length scales
that play a relevant role in real physiological applications.
The rest of the paper is organized as follows: In section
II we introduce the system and present our methodolo-
gies. In section III we show and discuss our results on sta-
bilization, aggregation kinetics, aggregate structure, and
aggregate reversibility. Finally, in section IV we summa-
rize our main findings and present our conclusions.
II. MATERIALS AND METHODS
The protocol for synthesizing the magnetic liposomes
used in this work as well as part of the liposome charac-
terization have been presented in a previous study [30].
Here we summarize the previous methodologies and in-
clude the protocol to obtain our dynamic and static light
scattering results as well as the methodology to acquire
the TEM micrographs. Additional information on the
characterization of the magnetic liposomes such as their
zeta-potential at different salt concentrations or their en-
capsulation efficiency can be consulted in Ref. [30].
A. Synthesis of Magnetic Liposomes
1. Materials
Liposome membranes are constituted by Soybean
phosphatidylcholine (PC) (Lipoid S-100), a zwitteri-
onic phospholipid which was donated by Lipoid (Lud-
wigshafen, EU), and cholesterol (CHOL), which was pur-
chased from Sigma (St. Louis, MO, USA). Nanoparticles
of magnetite, stabilized with anionic coating (EMG 707),
were purchased from FerroTec (Bedford, NH, USA) and
have a nominal diameter of 10 nm (determined by TEM),
a viscosity coefficient of less than 5 mPa·s at 27°C, and
a 1.8% volume content of magnetite.
2. Preparation of Magnetic Liposomes
Magnetic liposomes are obtained by using a modified
version of the phase-reverse method [64]. Lipids (100
µmols of PC and CHOL at 80 : 20 molar ratio) dis-
solved in chloroform/methanol (2 : 1, v/v) are placed in a
round-bottom flask and dried in a rotary evaporator un-
der reduced pressure at 40°C to form a thin film on the in-
ner surface of the flask. The film is hydrated with 9 ml of
diethyl ether and 3 ml of an aqueous dilution of FerroTec,
resulting in a final concentration of 1.86 g/l of magnetite.
The mixture is then sonicated for 5 min in a bath son-
icator (Transsonic Digital Bath sonifier, Elma, EU) at
0°C. Once the emulsion has been formed, it is placed in a
round-bottom flask and the organic solution is removed
under a pressure range of 420-440 mmHg at room tem-
perature. The emulsion becomes a gel and, finally, this
gel transforms into a suspension of liposomes. Once the
3liposome suspension is obtained we add 1 ml of water, ro-
tating the suspension at 760 mmHg to remove the ether.
Liposomes are then diluted with water until obtaining a
final PC concentration of 16 mmol/l. Liposome are then
extruded both ways at room temperature into a Liposo-
fast device (Avestin, Canada) through two polycarbon-
ate membrane filters of 200 nm pore size and for at least
9 times [65]. Separation of non-encapsulated ferrofluid
from magnetic liposomes is performed by size exclusion
chromatography (Sephacryl S-400 HR, GE Healthcare,
Uppsala, Sweden). The iron content of the purified mag-
netic liposomes is determined by atomic absorption spec-
trophotometry (UNICAM PU 939 flame absorption spec-
trometer) giving an average value of 180 µg/ml. PC was
determined by colorimetry [66]. Both determinations al-
low obtaining the Fe3+/PC ratio which resulted in an
average value of 45 g/mol.
B. Transmission Electron Microscopy
To obtain the TEM micrographs of section III. E, we
placed a drop of an initially stable aqueous suspension of
magnetic liposomes at room temperature on a microscope
slide covered with parafilm. The water used for sample
dilution was purified by inverse osmosis using Millipore
equipment. To induce aggregation we placed at both
sides of the microscope slide two Neodymium-Iron-Boron
(Nd2Fe12B) magnets (Halde GAC, Barcelona, Spain).
The magnetic field intensity created by the magnets in
the space where the sample was placed is B = 80 mT. Af-
ter 15 min of exposure to the magnetic field, a 400-mesh
copper grid coated with a carbon film with a Formvar
membrane was placed on the sample for 5 min. After
this time (20 min in total), the magnets were removed
and a drop of water was added to the grid for washing
the sample. This washing step was repeated once more.
Then a drop containing a 2% of uranyl acetate was added
and, after 1 min, the excess of staining solution was re-
moved. The sample was allowed to dry in air for sev-
eral minutes before observation. The observation was
performed by transmission electron microscopy using an
EFTEM (EM902 Zeiss, Carl Zeiss Jena, Germany) oper-
ating at 105 V. In addition, TEM micrographs for non-
aggregated samples were routinely used within this work
for control purposes by using a transmission electron mi-
croscope Jeol 1010 (Jeol, Japan) operating at 8 · 104 V,
recording the images by a Megaview III camera. The ac-
quisition was accomplished with Soft-Imaging software
(SIS, Germany).
C. Magnetization of Magnetic Liposomes
Magnetization curves of purified aqueous suspensions
of magnetic liposomes as a function of the applied exter-
nal magnetic field were obtained in a SQUID Quantum
Design MPMS XL magnetometer. The probed external
magnetic field ranged from −600 mT to +600 mT. Mea-
surements were taken at room temperature.
D. Light Scattering Experiments
The protocol we use to probe aggregation kinetics and
aggregate structure under the influence of an external
magnetic field by light scattering is partially similar to
that reported in Refs. [53–55] to study the aggregation
of magnetic polystyrene particles. Here we present sepa-
rately the experimental protocol to perform our measure-
ments and a succinct theoretical background to interpret
our measurements in terms of appropriate dynamic and
static observables.
1. Experimental set-up and Measurement
Light scattering experiments were performed by using
a slightly modified Malvern 4700 System (UK), working
with a He-Ne laser beam of wavelength λ = 632.8 nm.
To follow the dynamics of both aggregating and non-
aggregating samples we perform DLS experiments at a
fixed detection angle, θf = pi/2, computing the scattered
intensity autocorrelation function, 〈I(θf ; t)I(θf ; t+ τ)〉,
for time intervals of 25 s. Structure in our system
is probed by SLS experiments which are performed
by sweeping an angular detection range, [θmin, θmax],
by means of a movable photomultiplier arm where
the average time scattered light intensity, 〈I(θ; t)〉, is
collected.
For both aggregating and non-aggregating samples
we used purified aqueous suspensions of magnetic
liposomes where the presence of salt in the medium
was prevented by inverse osmosis using Millipore equip-
ment. We prepared sufficiently diluted suspensions at
0.1% liposome volume fraction. This concentration
avoids the effect of long-range interactions between
liposomes in case of non-aggregating samples (section
III.A) and gives us an optimal aggregation time for
the magnetically induced aggregating samples. This
time is sufficiently long compared with that needed for
computing 〈I(θf ; t)I(θf ; t+ τ)〉 (2 orders of magnitude
greater) but sufficiently short to follow the complete
aggregation process. We ensured statistical reliability
by performing at least 10 independent experimental
realizations of each DLS and SLS measurement for
both aggregating and non-aggregating samples. In all
the light scattering experiments temperature was kept
constant at 25°C.
The experimental set-up to induce liposome aggrega-
tion by means of an external magnetic field deserves fur-
ther explanation. Figure 1 shows a schematic view of
this experimental set-up where the magnetic field inten-
sity is controlled by adding or removing Nd2Fe12B mag-
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FIG. 1. Magnetic field intensity, B, as a function of the num-
ber of Neodymium (Nd2Fe12B) magnets. Dashed lines sig-
nal the number of magnets (and therefore the magnetic field
intensity, Bscatti , i ∈ {1, 2, 3}) at which light scattering exper-
iments were performed (sections III. B and C). Inset: Sketch
of the experimental set-up.
nets on the top of the scattering vessel containing the
sample. To enhance the magnetic field intensity acting
on the sample, we insert between the pile of magnets
and the sample a cylindrical iron bar to promote mag-
netic field line confinement. Thus, the direction of the
magnetic field is essentially perpendicular to the scatter-
ing plane. Fig. 1 also shows the magnetic field inten-
sity acting on the sample as a function of the number of
Neodymium magnets. We see how upon increasing the
number of magnets the magnetic field intensity increases,
leading to an intensity field saturation which imposes an
upper threshold for the magnetic field intensity of about
40 mT. Accordingly we performed DLS and SLS exper-
iments for magnetically induced aggregating samples at
Bscatt = 16.6(±0.7), 27.5(±0.7), and 38.8(±0.6) mT. No
aggregation was detected for B < 16.6 mT.
2. Theoretical Background
For non-aggregating samples (B = 0) we obtain the
experimental liposome form factor, P (q), through a SLS
measurement by [67, 68]:
P (q) =
〈IB=0(q; t)〉
〈IB=0(qmin; t)〉
(1)
Where IB=0(q; t) is the previously mentioned scattered
light intensity at time t but expressed in terms of the
modulus of the corresponding Fourier scattering vector
q = (4pin/λ) sin(θ/2) (where qmin corresponds to θmin),
being n the refractive index of the scattering medium
which here we take as 1.33 (aqueous medium). For ag-
gregating samples (B ≥ 16.6 mT) we probe the structure
of the magnetic liposome aggregates through their struc-
ture factor, S(q) [52, 67–70]:
S(q) =
〈IB 6=0(q; t)〉
〈IB=0(q; t)〉
(2)
Where IB 6=0(q; t) is the light intensity scattered by
the aggregated sample at time t for a given q and
for a magnetic field intensity B ≥ 16.6 mT. We note
that IB=0(q; t) and IB 6=0(q; t) correspond to the same
sample before and after applying the magnetic field and,
therefore, we should not introduce a relative density
prefactor in Eq.(2) [67, 68]. We also highlight that
despite IB 6=0(q; t) is measured in the presence of an
external magnetic field, it presents a constant average
value since our SLS measurements were performed once
the samples had reached a stationary value for their
average diffusion coefficient, therefore resulting in a
non-evolving S(q). This point is discussed in sections
III.B and C.
Aggregates with fractal structure (section III.C)
present a power law behavior for S(q) within an intra-
aggregate spatial scale which is constrained by the typ-
ical linear size of the aggregates and the linear size of
the monomers (i.e. the liposomes) constituting the ag-
gregates [69–71]:
S(q) ∼ q−df ; 1/Ragg ≪ q ≪ 1/a¯ (3)
Where df is the aggregate fractal dimension. Here Ragg
is the average aggregate radius whereas a¯ is the average
liposome radius. The q-range imposed by Eq.(3) results
from the linear spatial dimensionality of q−1 through
the very definition of q as a spatial frequency [71].
Dynamics in aggregating and non-aggregating sam-
ples is probed by DLS experiments through the intensity
autocorrelation function 〈I(q; t)I(q; t+ τ)〉 at a fixed q.
This autocorrelation function provides us with the corre-
sponding electric field autocorrelation function, gE(τ),
by means of Siegert relation [72]. In its turn, gE(τ)
is expanded into cumulants and interpreted in terms
of a sample probability distribution of diffusion coeffi-
cients [72, 73]. The first cumulant, µ1, represents an in-
verse relaxation time containing both translational and
rotational diffusive contributions [54, 74]:
ln (gE(τ)) = −µ1τ +O(τ
2) ; µ1 = Dtq
2 + 6Dr (4)
Where Dt and Dr are respectively the sample average
translational and rotational diffusion coefficients, consid-
ered uncoupled by Eq. (4). We should also note that
5Eq.(4) assumes a simple exponential decay for gE(τ) de-
scribing what would be in principle a probability distribu-
tion of relaxation times [75] by a unique relaxation time,
1/µ1. This simple exponential decay seems to be a good
approximation for both aggregating and non-aggregating
samples when treating the experimental gE(τ). More-
over, in case of aggregating samples the typical aggregate
size [74] and the presence of an external magnetic field
minimize the contribution of rotational diffusion [54] in
gE(τ). For non-aggregating samples (B = 0), the spheri-
cal liposome shape directly excludes the presence of rota-
tional diffusion in gE(τ). Thus, in both cases, we assume:
µ1 = D
α
effq
2 ; α ∈ {B, 0} (5)
where DBeff (D
0
eff ) is the effective diffusion coefficient
of an aggregating (non-aggretating) sample which essen-
tially contains a translational contribution. More details
on this approach as well as on more sophisticated treat-
ments can be found in Refs. [52, 54].
III. RESULTS
A. Characterization of Magnetic Liposomes
SLS measurements at B = 0 allow us to prove
the stabilization of the non-aggregating samples and
permit a characterization of the individual magnetic
liposomes in terms of their shape, average size, and size
polydispersity. In this respect, Figure 2a) shows the
experimental form factor, P (q), of a diluted sample of
magnetic liposomes at B = 0 (Eq.(1)). The experimental
P (q) is here rationalized by means of a solid sphere
model in the context of the Rayleigh-Gans-Debye (RGD)
theory [74] (solid line in Fig. 2a)). In particular, size
polydispersity is introduced in the model by assuming
a three-modal distribution whose first five moments
are distributed according to a Schulz distribution [69].
As a result, we obtain an average liposome diameter
σ¯ = 2a¯ = 180 nm and a diameter polydispersity of 0.2
(relative standard deviation divided by σ¯). This σ¯ value
is in agreement with that obtained from the same sample
by DLS experiments, where D0eff (Eq.(5)) is interpreted
in terms of the Stokes-Einstein relation [74]. Moreover,
liposomes observed by TEM micrographs [30] (e.g. inset
in Fig. 2a)) seem to present by simple inspection a
size which is, roughly speaking, compatible with the σ¯
obtained by P (q).
At this point, one might ask for the repulsive in-
teractions which avoid aggregation at B = 0. In this
respect, two main interactions for stabilizing these and
other lipid vesicle suspensions have been presented in
the literature: Coulombic and hydration repulsions.
On one hand, Coulombic repulsion, which is the main
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FIG. 2. a) Form Factor, P (q), of a diluted (non-aggregating)
sample of magnetic liposomes. Circles stand for the experi-
mental values as obtained from a SLS measurement at B = 0
whereas solid line represents a fit according to a solid sphere
RGD model and assuming a pseudo-Schulz distribution. In-
set: TEM micrograph of a single magnetic liposome encap-
sulating a core of magnetite grains [30]. b) Magnetization
as a function of the magnetic field intensity, B. Solid line
with solid diamonds (empty circles) stands for the forward
(backward) magnetization path. Both paths collapse into
a single curve as a manifestation of no magnetic hystere-
sis. Dashed vertical lines signal the different field intensities
(Bscatti , i ∈ {1, 2, 3}, see also Fig. 1) at which light scattering
experiments were performed (sections III. B and C) whereas
the dotted-dashed vertical line indicates the high magnetic
field intensity applied to the sample before obtaining the TEM
micrographs of section III. E.
ingredient for stabilization in DLVO theory [76, 77],
seems to be present in our system despite the non-polar
nature of PC as accounted for by the weak but still
non-negligible liposome zeta-potential [30]. On the
other hand, short-range repulsive hydration forces have
been associated to these and other lipid vesicles leading
to stabilization even when Coulombic repulsion is not
present [70, 78–83]. Nevertheless, we should stress that
6the repulsive interactions stabilizing the system in the
absence of an external magnetic field do not create
long-range structural correlations between the liposomes
for the probed dilution as manifested through P (q)
(which only contains correlations at the single particle
level).
To place the magnetic field intensities at which we
perform our light scattering experiments and obtain
our TEM micrographs for the aggregating samples, we
present in Figure 2b) the magnetization, M , of the mag-
netic liposomes as a function of B (see section II.C). A
previous characterization of the liposome magnetization
was already presented in Ref. [30]. We see how the
forward and backward magnetization paths essentially
collapse into a single curve: the magnetic liposomes
do not present hysteresis. The absence of hysteresis
represents a manifestation of the superparamagnetic
nature of the magnetic liposomes which are indeed lipid
vesicles encapsulating single-domain magnetite grains
(linear size ∼= 10 nm) which recover their random field
orientation as soon as the magnetic field is switched
off [10]. As also shown in Fig. 2b), magnetization satu-
rates around ±100 mT. In this respect, we see how our
light scattering experiments (sections III.B and C) are
performed below the saturation threshold whereas the
TEM micrographs obtained for the aggregating samples
(section III.E) correspond to an almost magnetically
saturated sample. We also note that the different
magnetic fields at which we perform our experiments
for the aggregating samples do not present a significant
difference in magnetization. However, the potential
magnetic energy between magnetic liposomes could be
significantly different for the different magnetic fields
shown in Fig. 2b). In general, the potential magnetic
energy between two magnetic particles (here liposomes)
depends on the product of the dipole magnetic moments
of the two particles, where each dipole magnetic moment
is proportional to the particle magnetization [84–87].
Therefore a given ratio between two different generic
magnetizations, M1/M2, in Fig. 2b) will in general
re-scale the potential magnetic energy between two
magnetic particles by a factor (M1/M2)
2.
B. Aggregation Kinetics
In this section we discuss the liposome aggregation
dynamics under the influence of an external magnetic
field by DLS measurements. Contrary to previous
works on the aggregation of magnetic polystyrene
particles [51, 52, 54], aggregation is here induced by
the external magnetic field with no added electrolyte.
This is possible due to the weak Coulombic repulsive in-
teraction between magnetic liposomes (see section III.A).
Figure 3 shows the time evolution of DBeff (t) at dif-
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FIG. 3. Log-log plot of the normalized diffusion coefficient,
DBeff/D
0
eff , of an aggregating sample as a function of time
for different magnetic field intensities (solid lines with solid
symbols). Dashed lines represent the power law behavior at
intermediate times, and for the different magnetic field inten-
sities, before reaching a final stationary diffusion coefficient,
DBeff (tlong). D
0
eff is the single liposome diffusion coefficient
as obtained from a (diluted) non-aggregating sample.
ferent magnetic field intensities (Eq.(5)). At short times
DBeff (tshort)
∼= D0eff : our aggregation process starts
from a monomeric initial condition. At intermediate
times DBeff (t) ∼ t
−α, where α is a B-dependent kinetic
exponent which increases upon increasing magnetic
field intensity. Finally, at long times DBeff (t) reaches
a plateau with a final stationary value, DBeff (tlong),
which decreases upon increasing magnetic field intensity
(from DBeff (tlong)/D
0
eff
∼= 0.45 at B = 16.6 mT to
DBeff (tlong)/D
0
eff
∼= 0.2 at B = 38.8 mT).
The intermediate time power law behavior
DBeff (t) ∼ t
−α is a common feature in aggregation
of mesoscopic particles which has been rationalized by
different analytical approaches [88, 89] being usually
expressed in terms of the average aggregate size evolu-
tion Ragg(t) ∼ tα. Depending on the system, this power
law evolution will in principle continue without reaching
a final stationary value [69, 90, 91] or it will present
(like in our system) a final constant value for DBeff (t)
(or Ragg(t)) at sufficiently long times [52, 54, 59].
This second case has in general been interpreted as a
balance between aggregation and fragmentation where
the sample reaches a steady-state for the cluster-size
distribution [92, 93].
Balance between aggregation and fragmentation in
magnetically induced aggregation processes has been dis-
cussed in terms of the so-called magnetic coupling pa-
rameter, Γ, defined as the ratio (competition) between
magnetic dipole-dipole potential energy (which helps to
retain particle bonds) and thermal energy (which tends
to break particle bonds) [59]:
7FIG. 4. Linear-linear plot of the normalized diffusion coeffi-
cient, DBeff/D
0
eff , of an aggregating sample as a function of
time. For times smaller than 2700 s the sample aggregates
under the influence of an applied field intensity B = 38.8 mT.
For times greater than 2700 s the external magnetic field is
switched off and the sample almost recovers the single lipo-
some diffusion coefficient, D0eff , as an indication of an almost
complete disaggregation.
Γ ≡
µm2
2piσ¯3kBT
(6)
Where µ is the medium magnetic permeability, m the
magnetic dipole moment of the particles, T the absolute
temperature, and kB the Boltzmann constant. By con-
sidering a proportionality between particle magnetization
(Fig. 2b)) and particle magnetic dipole moment [86, 87],
i.e. M ∼ m, we obtain Γ ∼ M2. This last relation
leads us to an interesting result for understanding the
B-dependence of DBeff (tlong). When comparing in our
system two different magnetizations (associated to two
different magnetic field intensities, Fig. 2b)), with their
corresponding DBeff (tlong) we find:
Γ(Bscatti )
Γ(Bscattj )
=
M(Bscatti )
2
M(Bscattj )
2
∼=
D
Bscattj
eff (tlong)
D
Bscatt
i
eff (tlong)
; ∀i, j (7)
Thus, at constant temperature, re-scaling particle mag-
netization by a factor γ will re-scale the final stationary
diffusion coefficient by a factor 1/γ2, therefore connect-
ing an individual particle property, M , with the final
aggregate stability given by DBeff (tlong). For instance,
(M(Bscatt3 )/M(B
scatt
1 ))
2 ∼= (1.55)2 (Fig. 2b)) to be
compared with D
Bscatt
1
eff (tlong)/D
Bscatt
3
eff (tlong) = 2.25
(Fig. 3). This result, however, is satisfied by our system
due to the low particle concentration where the influence
of the liposome packing fraction is negligible [59].
To conclude this section we briefly anticipate the
discussion on aggregation reversibility in our system
when the magnetic field is switched off. Figure 4 shows
the time evolution of DBeff (t) at B = 38.8 mT (i.e. the
highest field intensity in our DLS experiments) for times
smaller than 2700 s and at B = 0 for times greater than
2700 s. Contrary to Fig. 3 where B is maintained, Fig. 4
shows how, as soon as the magnetic field is unplugged,
DB=0eff (t) tends to D
0
eff as a manifestation of aggregation
reversibility where the sample almost recovers its initial
monomeric condition. However, for this magnetic field
intensity, we cannot exclude by our DLS measurements
and TEM micrographs the presence of some small
surviving aggregates after switching off the magnetic
field (note that DB=0eff (t) / D
0
eff ). We will come back to
this point in sections III.E and F.
C. Aggregate Structure
We now proceed with the structural description of
the liposome aggregates by SLS for those magnetic
field intensities for which we already discussed the
aggregation kinetics by DLS in the previous section. We
stress that our SLS measurements are here performed in
the presence of the magnetic field and for those (long)
times at which the aggregate diffussion coefficient is
already stabilized (DBeff (t) = D
B
eff (tlong)). For this
time regime we see no time evolution of the aggregate
stucture factor, S(q) (Eq.(2)).
Figure 5 shows the structure factor, S(q), for the
aggregated samples at different magnetic field intensi-
ties. We see how the different S(q)’s present a power
law fractal behavior within a certain intra-aggregate
q-range according to Eq.(3). On one hand this range is
right-side limited by the monomer (liposome) linear size,
where q < 2/σ¯. On the other hand we need an a priori
estimation for the left-side limit based on the linear size
of the aggregates given by Ragg (Eq.(3)). To estimate
the left-side limit we consider Stokes-Einstein relation
Ragg/σ¯ = (D
B
eff (tlong)/D
0
eff )
−1, where here Ragg is,
formally speaking, the average hydrodynamic aggregate
radius.
At low magnetic field intensities (B = 16.6 mT),
the small aggregate linear size significantly restricts
our q-range. Thus for qσ¯/2 . 0.5 we already start to
abandon the typical aggregate scale entering into the
Guinier regime [71], therefore losing the details of the
intra-aggregate structure whose spatial scale would be
smaller than our q−1 observational window. Although
not reliable, the fractal dimension (df ≅ 1.78) of the
small aggregates at B = 16.6 mT would be compatible
with that expected from a Diffusion Limited Cluster
Aggregation (DLCA) [91].
80.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.2
qσ/2
50
100
200
300
S(
q)
38.8 ± 0.6
27.5 ± 0.7
16.6 ± 0.7
B (mT)
~ q-1.33 ± 0.05
~ q-1.60 ± 0.06
S(q) ~ q- df
~ q-1.78 ± 0.07
FIG. 5. Log-log plot of the Structure Factor, S(q), of an
aggregated sample for different magnetic field intensities.
Measurements are performed at long times, that is, when
DBeff (t)(= D
B
eff (tlong)) is already stationary (see Fig. 3).
Dashed interpolation lines represent the expected fractal be-
havior, S(q) ∼ q−df , for the different field intensities.
Once we increase the magnetic field intensity the power
law fractal behavior extends to smaller q values due to
the increasing aggregate size, therefore permitting a more
reliable estimation of df . The effect is apparent: df
decreases upon increasing the magnetic field intensity.
Thus, the increasing magnetic field intensity induces a
highly directional magnetic liposome interaction which
results in more linear fractal structures (df → 1). In
particular, we see how at B = 38.8 mT the resulting
fractal dimension is df = 1.33. This value, which is far
from the typical ramified aggregates reported in DLCA
processes, is comparable with those obtained for mag-
netic polystyrene particles in the presence of a magnetic
field with added electrolyte [51, 52] and compatible with
simulations of dipolar hard-sphere fluids [94, 95]. Finally,
we conclude this section by addressing the following ques-
tion: how is the kinetic exponent, α, connected with the
aggregate fractal dimension, df?
D. Kinetic Exponent and Fractal Dimension
Irreversible aggregation in diluted suspensions (like
those studied here at intermediate times, Fig. 3) can
be understood in terms of a schematic binary reaction
mechanism [96] of the form Ai + Aj → Ai+j , where Ai
represents an aggregate constituted by i monomers (here
liposomes). In this context, scaling arguments can be ap-
plied to the rate coefficients, ki,j , for the reaction between
Ai and Aj aggregates [97, 98]:
kai,aj = a
λki,j ; ∀i, j ; a ∈ N ; λ ∈ R (8)
Where we assume a homogeneous behavior for the rate
coefficients, ki,j , through a homogeneity parameter, λ,
which is restricted by λ 6 1 for non-gelling aggregation
processes. For those processes where reactions between
small-small and large-large aggregates are equally prob-
able (e.g. DLCA) we have λ = 0, resulting in a balance
between aggregate collision cross section (which increases
upon increasing i) and aggregate diffusivity (which de-
creases upon increasing i). Those processes where λ < 0
(λ > 0) result in a more likely reaction between small-
small (large-large) aggregates. Equation (8) implies a
power law behavior for the average number of monomers
per aggregate at time t, n¯(t) [97]:
n¯(t) =
∑
i=1
iNi(t) ∼ t
1/(1−λ) ;
(∑
i=1
Ni(t) ≡ 1
)
(9)
Where Ni(t) is the relative frequency of aggregates con-
stituted by i monomers at time t. If we now incorpo-
rate the fractal scaling of the aggregates according to
their fractal dimension, n¯(t) ∼ Ragg(t)df (previous sec-
tion), and assume Stokes-Einstein relation, Ragg(t) ∼
DBeff (t)
−1, we reach:
DBeff (t) ∼ t
−1/(1−λ)df (10)
Where we immediately recognize the intermediate time
power law behavior discussed in section III.B (Fig. 3)
with α ≡ 1/(1− λ)df .
TABLE I. Homogeneity parameter, λ, kinetic expo-
nent, α, and fractal dimension, df , for different mag-
netic field intensities.
B (mT) 16.6 ± 0.7 27.5± 0.7 38.8± 0.6
λ −0.40 ± 0.12 −0.42± 0.11 −0.45± 0.10
α 0.40 ± 0.03 0.44 ± 0.03 0.52± 0.03
df 1.78 ± 0.07 1.60 ± 0.06 1.33± 0.05
Table I shows the homogeneity parameter, λ, for the
different magnetic field intensities at which we previ-
ously discussed the aggregation kinetics and the aggre-
gate structure (included in the table are α, Fig. 3, and
df , Fig. 5). It is interesting to note from the table how
λ is almost independent (λ ∼= −0.4) on the applied mag-
netic field intensity. As a result, here all the aggregation
processes at intermediate times present a connection be-
tween their corresponding α and df values which leads
to a common n¯(t) behavior given by Eq.(9). According
to our previous discussion, we can reach a physical in-
tuition for the negative λ value by considering that the
decreasing aggregate diffusivity is not compensated by
the increasing aggregate collision cross section as n¯(t)
increases. Indeed, the very geometry of the magnetic
9field lines around an aggregate results in an almost con-
stant (elongated) cross section which will not depend on
n¯(t) [57]. However, diffusivity will decrease upon increas-
ing n¯(t) with an expected power law evolution [57]. These
scaling behaviors therefore lead to a more efficient reac-
tion between small-small aggregates as compared with
that between large-large aggregates.
E. TEM Micrographs
We now proceed to discussing the TEM micrographs
obtained from the magnetic liposome suspensions after
applying an intense magnetic field of B = 80 mT (see
section II.B and Fig. 2b) in section III.A). This magnetic
field intensity is much higher than that applied during
our light scattering experiments and almost corresponds
to the liposome magnetic saturation (Fig. 2b)). It is
important to stress that before capturing our TEM
micrographs, the sample first aggregates according to
the protocol described in section II.B and then, after
being exposed to the magnetic field, the magnetic field is
removed leaving the sample to evolve for several minutes
(this time is indeed significantly greater than that
needed to recover the almost monomeric state reported
in Fig. 4). The discussion we present here is based on a
simple observational inspection of the TEM micrographs.
Figure 6 shows different TEM micrographs of the
liposome suspension for different control regions within
the sample and different magnifications. The first
message is obvious: despite having evolved without
the presence of an external magnetic field, the sample
shows the existence of several surviving aggregates
(Fig. 6b)). From now on we will refer to these aggregates
as irreversible aggregates. Despite we cannot discard the
existence of small surviving aggregates after applying
lower magnetic field intensities, the presence of these
irreversible aggregates seems to contrast with the almost
complete reversible aggregation reported at the end
of section III.B (Fig. 4). Micrographs also support
a second structural message: irreversible aggregates
show an almost linear structure (Fig. 6a),c),d) and f))
compatible with the fractal dimension (df → 1) that
would be expected after having aggregated under the
influence of an intense magnetic field (see section III.C).
Indeed, the only non-linear (branched) structures we see
(albeit scarce) correspond to ”Y-like” shaped aggregates
where one of the liposomes acts as a junction point
between two branches (Fig. 6e)) [62].
We now discuss some specific but still significant de-
tails. On one hand, aggregate size polydispersity seems
to be rather low (with an average number of liposomes
per aggregate of the order of 10). On the other hand,
irreversible aggregates seem to be constituted by rather
monodisperse liposomes, that is, the size polydispersity
of the liposomes forming the irreversible aggregates
FIG. 6. TEM micrographs of a sample of magnetic liposomes
which was first exposed to an intense magnetic field of B = 80
mT. The sample then evolved for several minutes without the
presence of an external magnetic field before capturing the
images (see sections II.B and III.A, and Fig. 2b)). The mi-
crographs correspond to different control regions and different
magnifications.
seems to be lower than that corresponding to the
whole sample (section III.A). This rather monodisperse
aggregate composition is compatible with theoretical
predictions for chain-like aggregates in polydisperse fer-
rofluids where the presence of small magnetic particles
as part of the aggregates is not favorable [99, 100]. On
this theoretical basis, we could understand the presence
of small magnetite spots in our TEM micrographs as a
manifestation of small dried magnetic liposomes which
were not able of being part of the irreversible aggregates.
Aggregate shape also deserves further discussion. Mag-
netic particles with remanent magnetization in the ab-
sence of an external magnetic field can in principle self-
assemble into closed aggregates. In particular, com-
putational studies on dipolar hard-spheres [61] and ex-
perimental investigations with microscopic ferromagnetic
particles [101] show the emergence of ring shaped aggre-
gates. However, our irreversible aggregates do not show
(at least from the current TEM micrographs) ring struc-
tures. The absence of rings (whose presence is expected
for particles with a high remanent magnetization) can
represent a manifestation of the superparamagnetic na-
ture of the magnetic liposomes for which no magnetic
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hysteresis was detected (Fig. 2b)). In this respect, and
giving that we cannot appeal to particle remanent mag-
netization, what is the interaction mechanism responsi-
ble for maintaining the integrity of our irreversible aggre-
gates in the absence of an external magnetic field?
F. Liposome Interactions
Reaching a precise quantitative answer to the previous
question needs further systematic investigation, specially
focused on the empirical phenomenology associated to
the different interactions governing aggregation and
stabilization in our system. Instead, here we address
this question by briefly discussing a plausible schematic
picture based on purely heuristic arguments.
Coexistence between reversible and irreversible ag-
gregation in mesoscopic particle systems has been
rationalized by the existence of primary and secondary
minima of the particle potential energy [102]. Thus,
when aggregation is promoted by a certain mechanism
(e.g. here by applying an external magnetic field),
particles can in principle aggregate in a permanent
(irreversible) state which is associated to a primary
minimum where the aggregated state will be maintained
despite canceling the mechanism provoking aggregation
(e.g. by switching off the external magnetic field).
However, particles can also aggregate in a secondary
minimum being restored to their non-aggregated state
as soon as the mechanism promoting aggregation is
canceled.
The idea of an interaction mechanism based on
the existence of primary and secondary minima to
understand irreversible and reversible aggregation is
schematically presented in Figure 7 for a magnetically
induced aggregation process. Thus, in the presence of
an external magnetic field (blue line) some particles
(purple) aggregate in a permanent (irreversible) primary
minimum whereas other (blue particles) aggregate in
a (reversible) secondary minimum. When the external
magnetic field is switched off (red line), particles aggre-
gating in the secondary minimum become separated.
Theoretical approximations based on this underlying
picture have been proposed in the past to understand the
aggregation of superparamagnetic colloidal latex parti-
cles [102–104]. In this context, the emergence of primary
and secondary minima results from the interplay (or
competition) between Coulombic repulsion (treated by
a linear superposition approximation), London-van der
Waals attraction (Derjaguin approach), and magnetic
dipole-dipole attraction. This approach has indeed
shown to be successful for predicting and controlling
magnetic flocculation to concentrate or remove ultrafine
magnetic particles (linear size smaller than 5 µm) [105].
These interactions [102–104] (i.e. DLVO and mag-
FIG. 7. Sketch of the total potential energy between two
magnetic particles (here liposomes) based on the theoretical
approximation of Refs. [102–104]. Blue line represents the to-
tal potential energy in the presence of an external magnetic
field where particles can become stuck in a primary (purple
particles) or in a secondary (blue particles) minimum. In the
absence of an external magnetic field (red line) those par-
ticles that were in a secondary minimum become separated
(reversible aggregation, red particles) whereas particles that
were in a primary minimum retain their aggregated state (ir-
reversible aggregation, purple particles). Distance can here
be interpreted as the separation distance between the exter-
nal surface of the particles (i.e. the distance between the
external surface of two liposome membranes). Separation be-
tween particles sketches is merely illustrative in the figure:
thus separation between non-aggregated particles (red) has
been enhanced whereas that corresponding to the aggregated
particles (blue and purple) has been intentionally reduced.
netic dipole-dipole interactions) seem to play, a priori,
a significant role by governing stabilization-aggregation
in our magnetic liposome system. Thus, Coulombic
repulsion is present in our system as manifested by the
non-negligible zeta-potential [30] whereas London-van
der Waals interaction has been identified as the main
short range attraction between lipid membranes [106].
In addition, a non-DLVO ingredient widely reported in
the liposome literature should presumably be considered
to reach a complete theoretical description for the
magnetic liposome aggregation mechanism: short range
hydration repulsion [70, 78–83].
To calibrate whether or not this complete approach is
consistent with a primary-secondary minimum scenario
in the present system, additional experiments should
be performed. In particular, a more refined control of
the magnetic field intensity would help us to better
quantify the emergence of primary and secondary
minima. Moreover, further experiments in the presence
of added electrolyte could also help us to judiciously
manipulate Coulombic and hydration repulsions [70],
therefore providing valuable quantitative information
on the interplay between attractive and repulsive inter-
actions. In the meantime, we are led to speculate on
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the primary-secondary minimum picture as a plausible
mechanism to explain irreversibility-reversibility in our
system suggesting future systematic experimental work
to resolve this issue further.
IV. SUMMARY AND CONCLUSIONS
We have presented a comprehensive study on the
aggregation of superparamagnetic liposomes in solution
under the influence of a controllable external magnetic
field. We have investigated the liposome aggregation
kinetics, the aggregate structure, and the coexistence
between reversible and irreversible aggregation by
Dynamic and Static Light Scattering (DLS and SLS),
and by images obtained from Transmission Electron
Microscopy (TEM).
Aggregation kinetics has been probed by DLS and
followed by the time evolution of the aggregate diffusion
coefficient. For a constant magnetic field intensity,
the aggregate diffusion coefficient shows a stationary
value at sufficiently long times which decreases upon
increasing the external magnetic field intensity. We
have proven how this stationary value, which is here
interpreted as a balance between liposome cluster aggre-
gation and fragmentation, scales with the square of the
liposome magnetization. Before reaching its stationary
value, the diffusion coefficient follows a time dependent
power law behavior with a kinetic exponent, α, which
increases upon increasing magnetic field intensity. As
a manifestation of aggregation reversibility, we have
further shown how liposomes aggregating under the
influence of a low magnetic field intensity (< 40 mT)
almost recover their initial (non-aggregated) state when
the external magnetic field is switched off.
We have taken advantage of the long time stationary
value of the liposome aggregate diffusion coefficient
to probe the aggregate structure by SLS through the
aggregate structure factor. Thus we have proven the
aggregate structure to be fractal and shown how the
fractal dimension, df , decreases upon increasing the
external magnetic field intensity, resulting in the emer-
gence of almost linear aggregate structures (df → 1).
We have finally shown how structure and dynamics are
connected in our system by finding a scaling relation
between the kinetic exponent, α, and the aggregate
fractal dimension, df , which allows us to understand
aggregation kinetics and aggregate structure in terms of
a single homogeneity parameter.
By TEM micrographs we have also shown the exis-
tence of irreversible liposome aggregates which result
from an aggregation process in the presence of an intense
external magnetic field (80 mT). These irreversible
aggregates show an open linear structure and survive
despite switching off the external magnetic field. To
rationalize the coexistence between reversible and
irreversible aggregates, we have suggested a schematic
picture based on the existence of primary and secondary
minima of the liposome potential energy.
In conclusion, we have revealed the rich interaction sce-
nario involved in the magnetically induced aggregation
of superparamagnetic liposomes in suspension. Under-
standing the mechanisms controlling the aggregation of
these (and other) biocompatible magnetic nanodevices is
a cornerstone for exploiting their singular capabilities as
functional agents in promising medical and biotechnolog-
ical applications.
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